Objective Growth hormone (GH) deficiency has recently been reported as a cause of nonalcoholic fatty liver disease (NAFLD), and GH supplementation has been shown to improve the histology of NAFLD. The aim of the present study was to clarify the relationship between the histological severity of NAFLD and production of the GH/insulin-like growth factor 1 (IGF-1) axis. Methods A total of 222 Japanese patients with liver biopsy-confirmed NAFLD and 55 patients with hepatitis C virus (HCV)-related chronic liver disease (CLD) were enrolled in the present study. The serum levels of GH, IGF-1, and IGF-binding protein 3 (IGFBP-3) were measured and their relationships with the histological severity of liver disease were assessed. To exclude age-and sex-related differences, the IGF-1 standard deviation score (IGF-1:SDS) was determined for each patient. Results With respect to the stage of fibrosis in patients with NAFLD, the serum GH levels were higher and the serum IGFBP-3 levels and IGF-1:SDSs were lower in patients with cirrhosis (grade F4 fibrosis) than in patients grade F1-F3 fibrosis; moreover, these differences were statistically significant (all p<0.01). The GH, IGF-1, and IGFBP-3 levels were not correlated with fibrosis in patients with HCV-related CLD. Furthermore, the GH levels were lower and the IGFBP-3 levels were significantly higher in patients with severe steatosis (S3) than in patients with mild to moderate steatosis (S1-S2) (p<0.05). Conclusion Increased GH levels and decreased IGF-1 and IGFBP-3 levels might contribute to the progression of NAFLD. The GH/IGF-1 axis may be important in the development of NAFLD, but not in patients with HCV-related CLD.
Introduction
Untreated growth hormone (GH) deficiency in adults presents symptoms that mimic those of metabolic syndrome, including underlying insulin resistance, dyslipidemia, hypertension, and visceral obesity (1). Nonalcoholic fatty liver disease (NAFLD) is thought to be the hepatic manifestation of metabolic syndrome. GH replacement therapy improves the histological features of NAFLD (2-4) and metabolic disease (5). Thus, the relationship between GH and NAFLD has been a focus of research.
GH is secreted by the anterior pituitary gland and is responsible for increasing the bone length, bone density, and muscle mass during childhood and adolescence (6). Moreover, it has important effects on the metabolism of lipids, carbohydrates, and body water throughout life (6). GH exerts some of its effects by binding to receptors on target cells, and it stimulates the production and secretion of insulin-like growth factor 1 (IGF-1) from many tissues, mainly the liver (7) . Besides the direct effects of GH, IGF-1, which is thought to be the main mediator of the biological action of GH, is involved in metabolism (8) .
The biological effects of IGF-1 are modulated by several IGF-specific binding proteins (IGFBP-1 to -6), such as IGFBP-3, which is the major binding protein for IGF-1 (9) . Eighty to 90% of the IGF-1 in circulation forms trimer complexes that are composed of IGF-1, IGFBP-3, and acidlabile subunit (ALS) (10) . The formation of these trimer complexes restricts the IGFs to the circulation and prolongs their half-lives (11) . The circulating complexes are believed to partially dissociate to allow IGF-1 to reach the tissues from the bloodstream (12) . IGFBP-3 is mainly produced by the Kupffer cells in the liver. GH and IGF-1 directly and indirectly modulate the IGFBP-3 levels (13, 14) and they are affected by nutritional deficiencies (including anorexia nervosa) (15) and liver function (16) .
Since the 1980s, several studies have reported that patients with liver cirrhosis due to hepatitis virus infection, autoimmune liver disease, and alcoholic liver disease have low levels of IGF-1, IGFBP-3, and ALS, despite having high serum levels of GH (16, 17) . This is thought to be a consequence of reduced hepatic IGF-1, IGFBP-3, and ALS production and an increase in the level of GH due to the loss of negative feedback (18) . However, these studies did not include patients with NAFLD.
In recent years, several studies have been published on the relationship between the GH/IGF-1 system and NAFLD in patients without GH deficiency. However, few studies have investigated the relationship between the histology of the liver and abnormalities of the GH/IGF-1 axis. The aim of the present study was to clarify the relationship between the histological severity of NAFLD and hepatitis C virus (HCV)-related chronic liver disease (CLD) and the level of GH/IGF-1 production, in order to evaluate the involvement of the GH/IGF-1 axis in the progression of NAFLD.
Materials and Methods

Patients
The present retrospective study included a total of 222 Japanese patients with liver biopsy-confirmed NAFLD. These consecutively biopsied patients were examined at the Department of Gastroenterology and Internal Medicine of Tokyo Women's Medical University (TWMU) from October 2002 to May 2012. NAFLD was diagnosed on the basis of a liver biopsy that showed steatosis in at least 5% of the hepatocytes. The exclusion criteria were the consumption of more than 20 g of alcohol per day; hepatitis B or C virus, autoimmune hepatitis, metabolic liver disease, or other liver diseases; and treatment with drugs or the presence of endocrine abnormalities that are known to cause steatohepatitis. In addition, 55 patients in whom serum hepatitis C virus (HCV) RNA was detectable by a polymerase chain reaction and who showed histological findings that were compatible with chronic hepatitis or liver cirrhosis were enrolled as a comparison group. This study was approved by the TWMU Ethics Committee. Written informed consent was obtained from all of the patients.
Clinical and laboratory analysis
This was a retrospective and observational study. The age, clinical history, height, body weight, blood samples for biochemistry, hematology data, and hormonal data were collected from all patients at the time of liver biopsy. The platelet count and the serum concentrations of aspartate aminotransferase, alanine transaminase, γ-glutamyltransferase, hemoglobin A1c, total cholesterol, triglycerides, and GH were determined using standard laboratory techniques. The plasma levels of IGF-1 and IGFBP-3 were measured using an immunoradiometric assay kit (IGF-1 assay; Fuji Rebio Inc., Tokyo, Japan) and an IGFBP-3 enzyme-linked immunosorbent assay kit (Mediagnost GmbH, Reutlingen, Germany). Because the IGF-1 level is related to age and sex, we calculated the standard deviation of IGF-1 score (IGF-1:SDS) according to age and sex of the patients (19) .
All of the liver tissue specimens were evaluated by a single pathologist. Specimens from patients with NAFLD were evaluated to determine the grades and stages of steatosis (S0-S3), activity (A0-A3), ballooning (B0-B2), and fibrosis (F0-F4) according to the modified criteria of Kleiner (20) . Specimens from patients with HCV were evaluated according to the histology activity index scoring system of Knodell et al. (21) with the modifications proposed by Schvarcz et al. (22) (for the categories of periportal necrosis and portal inflammation) and by Scheuer (23) (for the categories of lobular necroinflammation and fibrosis). The grading score for histological activity of chronic hepatitis represents the sum of the scores for their periportal, lobular, and portal lesions (24) .
Statistical analysis
The Wilcoxon signed-rank test and Kruskal-Wallis H-test were performed as appropriate, using the JMP Pro 11 software program (SAS Institute Inc., Cary, NC, USA). The data are presented as the median (range). p values of <0.05 and <0.01 were considered to indicate statistical significance.
Results
The correlation between fibrosis and the GH, IGF-1, and IGFBP-3 axis
The clinical and laboratory data of the patients are shown in Table 1 . The mean age was significantly lower and the body mass index (BMI) values and the prevalence of diabetes mellitus, hypertension, and dyslipidemia were significantly higher among the patients with NAFLD (p<0.05).
We assessed the relationships between the histological se- verity of liver disease and the GH, IGF-1 and IGFBP-3 levels, the IGF-1:SDS and the IGF-1/IGFBP-3 ratio. The patients with NAFLD showed higher grades of fibrosis tended to have higher levels of GH. Patients with F4 had significantly higher levels of GH than patients with F1-F3 (median GH [ng/mL]: F1, 0.12; F2, 0.14; F3, 0.30; F4, 0.71) (Fig. 1a) . No correlation was found between the GH level and fibrosis in patients with HCV-related CLD (Fig. 1b) .
To assess the age-and sex-related differences in the GH levels, we classified the patients of each sex into two agebased categories: <50 years of age and ! 50 years of age. Among men who were <50 years of age, patients with F2 were found to have significantly lower levels of GH than patients at other stages (mean GH [ng/mL]: F1, 0.11; F2, 0.05; F3, 0.12; F4, 0.68) (Fig. 2a) . Among men who were ! 50 years of age, the patients with F4 had significantly higher levels of GH than those with F1-F2 (mean GH [ng/ mL]: F1, 0.11; F2, 0.08; F3, 0.63; F4, 0.79) (Fig. 2b) . Female patients showed a similar tendency, but the results did not reach statistical significance (Fig. 2c and d) .
Patients with F4 had significantly lower IGFBP-3 levels and IGF-1:SDS values than patients with F1-F3 (mean IGFBP-3 [μg/mL]: F1, 6.84; F2, 6.30; F3, 4.34; F4, 3.59 and mean IGF-1:SDS: F1, -1.4, F2, -1.3, F3, -1.1; F4, -2.4) (Fig. 3a and c) . HCV-related CLD did not show these findings according to the grade of fibrosis (Fig. 3b and d) . The IGF-1/IGFBP-3 ratio was not correlated with the grade of fibrosis in any subset of patients ( Fig. 3e and f) .
The correlation of the histological activity/steatosis with the GH, IGF-1, and IGFBP-3 axis
We next analyzed the relationship between the histological activity and the GH, IGF-1, and IGFBP-3 axis and found that none of these factors were significantly correlated with the histological activity.
NAFLD patients with severe steatosis (S3) had significantly lower levels of GH and higher levels of IGFBP-3 in comparison to patients with mild to moderate steatosis (S1- (Fig. 4) . NAFLD patients with higher grades of steatosis tended to have higher IGF-1:SDS values. The IGF-1/IGFBP-3 ratio was not correlated with the grade of steatosis. Ballooning was associated with significantly lower levels of IGFBP-3 in grade 2 NAFLD patients than it was in grade 0 to 1 patients. The GH, and IGF-1 levels, the IGF-1:SDS, and the IGF-1/IGFBP-3 ratio were not correlated with ballooning. Neither severe steatosis nor ballooning was observed in the HCV-CLD patients. The levels of GH, IGF-1, and IGFBP-3 did not differ to a statistically significant extent between patients with no or mild-to-moderate steatosis and ballooning.
The characteristics of patients with low levels of IGF-1 and an IGF-1:SDS of <-6 SD
Six (2.7%) of the patients with NAFLD had notably low levels of IGF-1 and an IGF-1:SDS of <-6 SD ( Table 2 ). All were female patients of 20-70 years of age. One patient had cirrhosis with a high level of GH. In the other five patients, however, the GH levels were within the normal limit or low and the levels of cortisol and thyroid-stimulating hormone were within the normal limits. All of these five patients had dyslipidemia, four had diabetes mellitus, and two had hypertension. They had no medical history of endocrinal abnormalities or intracranial lesions, nor had they undergone intracranial radiation therapy. Two had grade F2 liver fibrosis, three had grade F3 liver fibrosis, one had mild liver steato- F1 to F3 (Fig. 3a, c) . Patients with HCV-related CLD did not show these findings according to the grade of fibrosis (Fig. 3b, d) . The IGF-1/IGFBP-3 ratio was not correlated with the grade of fibrosis (Fig. 3e, f) sis, and four had severe steatosis. We were unable to find a clinical feature that was common to all five patients; thus, the cause of their decreased IGF-1 levels was unclear.
Discussion
This study shows that patients with NAFLD and advanced fibrosis had high levels of GH and low levels of IGF-1 and IGFBP-3. It was paradoxically observed that the levels of GH, IGF-1, and IGFBP-3 were correlated with the severity of steatosis. In patients with HCV-related CLD, however, the levels were not affected by either fibrosis or steatosis. We hypothesize that abnormal GH and IGF-1 levels may contribute to the development of NAFLD.
A relationship between NAFLD without GH deficiency and GH or IGF-1 expression has been reported. Patients with NAFLD have significantly lower levels of serum GH in comparison to controls without NAFLD (25) . Moreover, patients with NAFLD had lower peak levels of GH after a GH stimulation test in comparison to age-and BMI-matched controls (26) . Studies concerning the state of the GH/IGF-1 axis in patients with NAFLD report conflicting results.
The secretion of human GH declines progressively with age, as do the levels of IGF-1 and IGFBP-3. In addition, because the IGF-1/IGFBP-3 ratio declines with age, the level of bioactive dissociated IGF-1 also declines. Thus, the IGF-1/IGFBP-3 ratio has been used as an index of the bioavailability of IGF in the circulation of humans (27) . In the present study, the IGF-1/IGFBP-3 ratio was not correlated with the histological features of NAFLD. IGFBPs are present as six subclasses (1-6) ; thus, the calculation of the IGF/IGFBP-3 ratio does not involve the concentration of free IGF-1.
In contrast, a paradoxical elevation of the serum GH level has been reported in patients with cirrhosis (16) . The GH secretion rate was found to be increased in patients with cirrhosis, and the GH level was correlated with high Child-Pugh classes (18) . In healthy subjects, IGF-1 and IGFBP-3 are dependent on the secretion of GH; however, the liver produces reduced amounts of IGF-1 in patients with cirrhosis, which results in an increase in the GH level because of the loss of negative feedback. The IGF-1 and IGFBP-3 levels were shown to be low in cirrhosis patients, but to improve after liver transplantation (28) . These observations suggest that the liver function is involved in the regulation of the IGF-1 and IGFBP-3 levels. IGF-1 is principally secreted by the hepatocytes. In this study, we showed that the GH level was high and that the IGF-1 and IGFBP-3 levels were low in patients with NAFLD and advanced fibrosis, including patients with cirrhosis. However, we did not identify a relationship between the liver histology and the GH/IGF-1 axis in HCV patients. This was likely because of the low number of patients in this study or because the correlation was specific to NAFLD. We hypothesize that the IGF-1 level was possibly reduced in HCV patients, but that it was more influenced by the progression of disease in NAFLD patients. Further studies with larger numbers of patients will be required to confirm this hypothesis.
Low levels of IGF-1 have been associated not only with NAFLD, but also with type 2 diabetes (29) , insulin resistance (30), metabolic syndrome (31) , and ischemic heart disease (32) . These results are consistent with our study. The discrepancy between previous studies and our own are likely because liver biopsies were not performed and cirrhotic patients were not included in the previous studies.
Few studies have evaluated the association between the GH/IGF-1 axis and the severity of steatosis in NAFLD. Furthermore, these few studies have reported conflicting results (33, 34). Ichikawa et al. (33) reported that the levels of GH were higher in patients with advanced steatosis, but that there was no correlation between the IGF-1 or IGFBP-3 levels and steatosis. However, Sumida et al. (34) reported that the levels of IGF-1 were lower in patients with advanced steatosis; however, there was no correlation between the IGF-1:SDS and steatosis. In our study, the levels of GH were lower and the levels of IGF-1 and IGFBP-3 were higher in patients with advanced steatosis. The levels of GH were found to be decreased in obese patients and weight loss was followed by the restoration of the normal spontaneous and stimulated release of GH (35) . In patients with abdominal obesity, GH treatment improved insulin sensitivity and reduced the level of abdominal visceral fat and the total cholesterol and low-density lipoprotein cholesterol concentrations (36) . In our study, the mean BMI of patients with more advanced steatosis was higher than that of patients with mild steatosis. Our results are therefore consistent with previous reports.
Six (2.7%) patients with NAFLD showed remarkably low levels of IGF-1 and an IGF-1:SDS of <-6 SD. These patients were all women of various ages. One of the patients had cirrhosis and had a high GH level. However, the levels of GH were within the normal limits or low in the other five patients. It is possible that GH and IGF-1 abnormalities played a role in the development of NAFLD in these five patients. Further examinations, including a GH stimulation test, will be needed to determine the mechanisms underlying the progression of NAFLD.
Although the precise mechanisms by which GH and IGF-1 contribute to liver fibrosis and steatosis remain unclear, the genetic transfer of IGF-1 into hepatic tissue improved the liver histology and function in cirrhotic rats (37) . In addition, in a GH-deficient rat model, the administration of IGF-1 improved the degree of liver steatosis and fibrosis to levels that were similar to those achieved with GH supplementation (38) . It was hypothesized that IGF-1 reduced the levels of reactive oxygen species (ROS), thus improving the mitochondrial function and contributing, in turn, to the improvement of liver steatosis and fibrosis (38) . The degree of improvement in fibrosis that was induced by IGF-1 was greater than that induced by GH. These results indicate that low levels of IGF-1 are not only due to liver dysfunction, but that they are also a cause of liver impairment. Moreover, IGF-1 treatment is effective for patients with Laron syndrome (primary growth hormone insensitivity) (39). Conchillo et al. (40) reported that IGF-1 therapy significantly increased the serum albumin level and tended to increase the resting energy expenditure in patients with cirrhosis. In the future, IGF-1 therapy could be a treatment option for patients with end-stage liver disease.
In conclusion, a higher GH level and lower IGF-1 and IGFBP 3 levels may contribute to the progression of fibrosis in patients with NAFLD. A further study is required to establish a new treatments that correct abnormal GH and IGF-1 levels to treat the progression of fibrosis in patients with NAFLD.
